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Abstract
Two-dimensional crystals on curved surfaces have been in the research spotlight
for a long time. In the soft matter area, extensive work has been done towards ad-
dressing fundamental questions on stress screening via topological defects. However,
experimental colloidal crystallization on non-zero Gaussian curvature surfaces has
only been reported using interfaces. Despite the success of those systems, a self-
limitation arises when creating different-shaped surfaces. As a result, all previous
reported experiments have used manifolds homeomorphic to a sphere. In this thesis,
we provide an experimental set-up for 2D colloidal crystallization on arbitrary 3D
surfaces. In particular we obtained toroidal crystals with different aspect ratios,
by using depletion interaction and 3D micro-printed structures. We first investigate
the suitable parameters for 2D crystallization on 3D surfaces. Experiments with two
different depletants: pNIPAM nanoparticles and polyethylene glycol(PEO) on a flat
surface are conducted. While pNIPAM particles yield unexpected results, the PEO
system results in a hexagonal crystal as expected. We extend the experiment to
3D printed tori as surfaces, resulting in toroidal crystals. We qualitatively analyse
different aspect ratio tori and compare a "flat" torus with typical one. The obtained
crystals exhibit vacancies, disclinations, and scars on the top part of the structure
to alleviate the stress induced by the curvature. Although results are only analyzed
qualitatively in this thesis, our toroidal crystals provide a proof of principle for the
proposed experimental set-up.
To Ana, Ernesto, and Neto(F).
For being the giants on whose shoulders I stand.
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Chapter1
Introduction
The elegance of colloidal systems dwells on the fact that the size, shape, and in-
teractions of particles can be tuned in a controlled manner. Although looking at
just one well-characterized particle is already interesting, studying their collective
behaviour such as their ability to form complex structures and to exhibit dynamical
transitions provides insights to the physical processes governing the behavior of the
system [1]. As a result of the ability to control the interactions, soft condensed
matter studies colloidal collective behavior that can remarkably be related to more
complex systems while reducing their degrees of freedom. In particular, this thesis
is focused on the experimental realization of colloidal crystals with novel non-zero
Gaussian curvature topological constraints such as tori.
Particle behaviour has been proven to strongly be affected by particle’s shape. Ex-
amples of this is the packing problem studied for several years, where the most
efficient arrangement of particles in a constraining space follows only geometrical
arguments; anisotropic rough particles have shown that under depletion interaction
the smooth patches act as attraction patches [2]; and also in-silico and soft matter
experiments have been conducted on crystallization with different polyhedra shapes
[3–5]. While intuitively the colloidal geometry dictates the organization or dynamics
of the system, changing the constraining geometry in which particles interact also
arises different behaviour. Geometrical frustration is a clear example of this since
the local order, dictated from the physics of the system, is disrupted due to the
geometry in which it is embedded. A common example of this are the Ising spins
for antiferromagnets. Whereas in a square lattice antiferromagnetic alignment is
energetically favorable, in a triangular lattice this alignment is unattainable due to
the topology of the lattice itself [6] (see Figure 1.1).
As mentioned above, this thesis focuses on the experimental realization of colloidal
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crystals with non-zero Gaussian curvature. In order to further understand the mo-
tivation of this thesis, we can think of hard spheres on a flat plane interacting via
an spherically symmetric pair potential. At high densities particles pack in triangu-
lar lattices subtending an angle of pi/3, meaning that each particle has six nearest
neighbours arranged in a hexagon. If this system is now mapped onto a sphere, the
resulting triangle is elliptic (see Figure 1.1), deforming the original hexagonal lat-
tice. Thus, by deforming the geometry of the phase-space, the preferred local order
is not achieved over the entire space [6]. In other words, on a curved surface par-
ticles not only interact with each other, but also interact with the curvature of the
substrate. By achieving crystallization on different Gaussian curvature substrates,
the interaction particle-curvature of the substrate can be studied, and light can be
shed on how the system accommodates the curvature-induced strain.
Figure: 1.1. Geometrical frustration. The top row shows the antiferromagnetic Ising
spins; while on a square lattice antiferromagnetic alignment is the most energetically
favorable configuration (left), this cannot be satisfied in a triangular lattice as a direct
consequence of the topology of the lattice (right). The bottom row illustrates how equal
spherical colloids pack in triangular lattices, subtendig an angle of pi/3 (left). However,
an euclidean triangle is mapped onto an elliptic triangle by changing the curvature of
the surface in which the lattice lays (center). In result, the original hexagonal lattice is
deformed and 5-fold disclinations are needed to tile the entire sphere with a hexagonal
lattice (right). Image adapted from [1, 6]
The arrangement of particles on curved surfaces has a broad range of applications in
physics, chemistry, and biology that remain unsolved. Some examples of these are
the problem first recognised by J.J. Thomson [7] more than a century ago (Thom-
son problem) which aroused when studying the structure of the atom with elec-
trons as rigid shells, i.e. particles with Coulomb interaction constrained to lie on a
sphere. Other example in physics are the multielectron bubbles in superfluid helium
[8], which is actually the closest experimental realization of the Thomson problem.
Crystal growth on curved surfaces is also relevant in condensed matter, since it
2
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3has been shown that the lattice structure of carbon nanotubes affects the electrical
properties [9]. In chemistry, functionalization of nanoparticles via linker molecules
at the curvature-induced defects locations to create directional bonding [10, 11].
With this type of functionalization, the nanoparticles can be binded into specific
sites on 3D arrays, opening the possibility of engineering self-assembly of structures
for drug delivery such as the "colloidosome" [6, 12]. Mechanical properties of bio-
logical structures are also affected by curved-crystalline order [13]. Examples of this
are viral capsids [14, 15] which are usually spherical, but larger viruses have more
complex shapes such as cones, torus, and icosahedra. An example of this are the
the bacteriophage HK97 (icosahedra shape) and torovirus (toroidal shape) [6]. This
difference can be explained also as a buckling transition derived from the stretching
energy and the bending elasticity [6].
Motivated by all these applications, the study of crystals interacting with different
curvatures has been in the spotlight both experimentally and theoretically for a long
time now. As a result of this, beautiful experiments have been conducted using short-
ranged interacting spherical particles on differently shaped interfaces to study the
defects induced in the crystals to alleviate the curvature-induced stress. Experiments
with nearly hard-spheres on spherical droplets have shown that the crystal growth
pathway is affected, resulting in defect-free ribbon-like domains as a consequence of
the curvature-induced elastic stress [16] (see Figure 1.2). Other studies have also
demonstrated that as the size increases, the system exhibits particle dislocations
such as strings of pentagons called "scars" [17, 18], see Figure 1.2. Interestingly,
the sphere is not the only curved substrate that has been achieved experimentally.
Irvine et al. [19] created colloidal crystals with more exotic shapes such as domes,
waists (bridges), and barrels. They showed that domes exhibit disclinations and
scars previously seen on spheres, and that the net disinclination charge varies as
the curvature of the dome changes. However, while the result of the dome-shaped
crystals follows intuition, the variable negative Gaussian curvature of the waists lacks
this familiarity. Irvine et al. found that when the bridge is compressed, the curvature
is minimized, so the crystal exhibits fewer defects. On the other hand, when the
bridge is stretched the negative curvature is maximized, resulting in proliferation of
dislocations and formation of "pleats" to minimize the elastic strain induced by the
negative curvature [19] (see Figure 1.2).
Clearly, extensive efforts have been done on experimentally studying colloidal crys-
tals embedded in spaces with different geometries. However, the experimental chal-
lenge of producing more complex shapes in the micrometer range using interfaces
has limited the experimental research. Although previous experimental results are
remarkable, they have all been performed on manifolds with genus 0, i.e. topo-
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Figure: 1.2. Previous experimental 2D colloidal crystals on 3D surfaces. 2D crystalliza-
tion on 3D surfaces using colloidal particles attracted to interfaces such as glycerol-water.
(a) Repulsive spheres self-assembled on oil-water droplet interface. As the size of the sys-
tem increases, scars formed by a chain of 5−fold and 7−fold disclinations. Image adapted
from [17]. (b) Defect-free crystal domains formed by particles depleated to the oil-water
droplet interface. As a result of the high interfacial tension, instead of homogeneous cov-
erage of the sphere, defect-free ribbon-like crystal domains are observed. Image adapted
from [16]. (c) Repulsive screened Coulomb interacting particles on different geometry
oil-water interfaces. Dome (left), barrel (center), and waists (right). Interestingly, the
negative curvature of the waist shows pleats to alleviate the stress induced by enlogating
the interface. Image adapted from [19].
logically equivalent to a sphere. This means that all of these structures have the
same Euler characteristic (zero) and thus, they should all have the same number of
defects. In this regard it is important to note that recently experimental toroidal
droplets were achieved by Ellis et al. [20]. These toroidal droplets were used to
study active nematic liquid crystals.
Thus, with the aim to overcome the afore described experimental barrier, we propose
an experimental setup to study the crystal order on arbitrary surfaces. By using
colloidal particles attracted to 3D micro-printed structure surfaces via depletion
interaction, we achieve crystalline structures on spheres and tori. The choice of these
structures was motivated by the more fundamental question on the self-assembly
process underlying the coronavirus torovirus, which also has a toroidal geometry
[21].
This thesis is organized as follows. In chapter 2, we provide the key theoretical
concepts to understand depletion interaction, toroidal structures, and the relation
4
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5between elastic theory and the curvature-induced defects. In Chapter 3, we specify
the materials used in our experiments, and we provide details on the experimental
protocols. In Chapter 4, we first outline the results obtained using pNIPAM and
PEO depletant, such as crystal nucleation in time. Then a proof of principle of 2D
crystallization on 3D structures is given, and finally representative toroidal crystals
with different aspect ratios are qualitatively analysed. In chapter 5, we provide the
conclusions arising form the experimental results and suggest further work, as well
as other ideas to further exploit our experimental results.
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Chapter2
Theory
2.1 Depletion interaction
Manifestations of depletion effects in biological systems goes back as far as the 18th
century, when red blood cells were observed to cluster [22], or the mixture of gelatin
with starch in aqueous solution that yields emulsion droplets instead of a homoge-
neous solution in 1876 [23]. Nevertheless, it was not until 1954 with the seminal
work of Asakura and Oosawa presenting an statistical mechanical derivation of the
depletion interaction between two plates in the presence of non-adsorbing polymers
[24], that all those previous reported observations were addressed as depletion in-
teraction. The great work from Asakura and Oosawa, and later studied in detail
by Vrij [25], has led to a wide range of experiments such as colloidal "lock and key"
particles [26]. Naturally the theory has expanded beyond the Asakura-Oosawa-Vrij
work, nevertheless their treatment is enough to describe the interactions present in
our system. In this section, we explain the depletion effect of colloidal hard spheres
immersed in a solution of non-adsorbing polymers.
Colloidal particles in presence of non-adsorbing depletants can be thought as im-
penetrable non-interacting spheres (hard spheres). This means that the colloids
are surrounded by an exclusion volume of thickness σ/2 around them if mixed in
solution with non-adsorbing depletants (dashed lines in Figure 2.1). Where σ is di-
ameter of the depletants. Thus in this situation, when two colloidal particles come
close enough their exclusion volumes overlap by Vov, excluding polymers to be in
that region. The loss of configurational entropy of the polymer chain in that region
results in an increase of the total available volume for polymers in the solution.
From this, it is straightforward that the depletion interaction depends on the over-
lap volume, which is shape dependent. Although Asakura and Oosawa first derived
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the interaction of two plates immersed in a solvent with polymers that act as ideal
chains, given the nature of our experiments, our interest is rather on the depletion
interaction between two spheres and a sphere and a wall.
(a) (b)
Figure: 2.1. Depletion interaction. The schematics illustrate the depletion interaction
between (a) two hard spheres and between (b) a hard sphere and a plate. The colloidal
particles are immersed in a homogeneous solution with depletants. Since the particles are
approximated as hard spheres, an exclusion zone around the particles is created (dashed
lines around colloids). When the colloids come close to the other sphere or the wall,
the depletion volumes overlap (hashed regions). As a result of this forbidden volume for
the depletants, these surround the colloids exerting a force (osmotic pressure) on them.
The depletion force is then dependent on the concentration of depletants and the overlap
volume (which is shape dependent). Images reproduced from [27]
Force arguments can be used to arrive at the depletion potential, nevertheless it is
insightful and easier to transfer from the depletion interaction between spheres and
between a sphere and a plane using the extended Gibbs adsorption equation. We
start with the case of two plates immerse in a solvent with depletants. Following
the derivation from Lekkerkerker and Tuiner [27], we begin by taking the grand
potential, Ω(T ,V ,µ,h),
Ω = F − µN . (2.1)
F = F (T ,V ,N ,h) is the Helmholtz free energy, N the number of penetrable hard
spheres (depletants) in the system, and µ their chemical potential. F = µN −KAh,
where K is the force per unit area between the plates, A is the area of the platesand
h is the distance between the plates. At constant T and V we obtain dF = µdN −
KAdh, thus
dΩ = −KAdh−Ndµ. (2.2)
Then, by minimizing the energy of the system, and cross-differentiating Equation
2.2 we obtain:
(
∂N
∂h
)
µ
= −A
(
K
∂µ
)
h
. (2.3)
8
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Taking into account that K = −
(
∂W
∂h
)
µ
, where W is the depletion potential,then
equation 2.3 can be written as:
−
(
∂
∂h
(
∂W
∂µ
)
h
)
µ
=
1
A
(
∂N
∂h
)
µ
. (2.4)
Since the depletion interaction at infinite separation vanishes for all chemical poten-
tial values, integration over h results in:
−
(
∂W
∂µ
)
h
=
N(h)−N(∞)
A
. (2.5)
Which for a system of depletion interaction between spheres, or between a sphere
and a plate yields:
−
(
∂W
∂µ
)
h
= N(h)−N(∞). (2.6)
In the case of depletion interaction between spheres, N(h = r), is the number of
penetrable hard spheres (depletant particles) in the system when the colloidal par-
ticles are at a centre-to-centre distance r, while N(∞) is that at infinite separation.
For the depletion interaction between a colloidal sphere and a plane, N(h) is the
number of depletant particles in the system when the colloidal particle is separated
a distance h from the plane, and N(∞) is that at infinite separation. Since the ∆N
is caused by the overlap volume of the exclusion zones, the depletion force is given
by:
N(r)−N(∞)
nb
=

4pi
3 R
3
d
[
1− 34 rRd +
1
16
(
r
Rd
)3]
, 2R ≤ r < 2Rd
0, r ≥ 2Rd
, (2.7)
for depletion interaction between particles. This corresponds to the volume of the
three-dimensional lens common to the two spherical exclusion zones, when they are
at a centre-to-centre distance r. Rd = R+ σ/2 is the effective depletion radius, with
R the radius of the colloids and nb is the bulk number density of the depletants.
While for the colloidal particle-plane case, the depletion force is given by:
N(h)−N(∞)
nb
= Vov(h) =

1
3pi(σ− h)2
(
3R+ σ2 + h
)
, 0 < σ
0,h ≥ σ
, (2.8)
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which corresponds to the volume of the spherical cap intersected by the plane, when
they are separated at a distance h. Substituting Equation 2.7 in 2.6 (σ/2 << R),
and integrating we obtain:
Ws(h)
nbkT
= −piR12(σ− h)
2, (2.9)
with h = r − 2R < σ, for the sphere-sphere depletion interaction. Whereas for
the sphere-plane interaction, we substitute Equation 2.8 in Equation 2.6 assumig
R >> σ,
Wsp(h)
nbkT
= −piR(σ− h)2, 0 ≤ h < σ, (2.10)
which is twice than the sphere-sphere depletion interaction.
2.2 Tori properties: geometry and topology
As mentioned in the Introduction, colloidal crystallization experiments have been
conducted on different substrates with both positive and negative curvature [17–
19]. However, topology dictates that all these structures have genus 0 (zero "holes"),
which means they are homeomorphic to a sphere. In contrast, we conduct our
experiments using tori as substrates, which is topologically different than a sphere.
In this section, we briefly explain what a torus is from both, the geometrical and
topological point of view.
Figure: 2.2. Schematic of a torus. Revolution torus obtained by revolving a circle of
radius R2 around an axis parallel to Z at a distance R1 from the center of the circle.
Image taken from [9].
Geometrically, a torus is conceived as a revolution surface. By revolving a circle of
radius R2 about a coplanar axis to the circle at a distance R1 from its center, one
obtains a torus of aspect ratio r = R1R2 . Figure 2.2 is commonly parametrized in
Cartesian coordinates as:
10
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
x = (R1 +R2 cosψ) cosφ
y = (R1 +R2 cosψ) sinφ
z = R2 sinψ
, (2.11)
with ψ,φ ∈ [−pi, pi). The Gaussian curvature is given by:
K =
cosψ
R2(R1 +R2 cosψ)

> 0, ψ ∈ (pi2 , pi)
= 0, ψ = ±pi2
< 0, ψ ∈ (−pi, pi2 )
. (2.12)
This means that the Gaussian curvature varies with cosψ. Thus, a torus has a
maximum positive Gaussian curvature at ψ = pi, a maximum negative curvature at
ψ = −pi, and zero curvature with ψ = ±pi2 [6, 9].
From the topology point of view, a torus is two-dimensional closed orientable man-
ifold with genus g = 1. In other words, a torus is a surface in which it is possible to
choose a surface normal vector at any point and there exists a way to cut through
the torus and still remain with one piece only (it has one hole, g = 1). The fact
that the torus has genus 1 is exactly what makes it topologically different from all
the geometries experimentally investigated before (see Figure 1.2), since these were
all homeomorphic to a sphere (g = 0).
2.3 Elastic theory and topological defects on tori
While depletion interaction theory governs the forces driving the particles towards
the substrate and close together, it is the elastic theory the framework in which the
problem of particles interacting with a curved surface can be studied. Since this
thesis focuses on toroidal manifolds as substrates, we will only discuss the theory
behind toroidal crystals following Giomi et al. [9].
In the introduction, we discussed how geometrical frustration that arises when parti-
cles packed in a flat two-dimensional(2D) space are mapped onto a sphere. Luckily,
this problem was already known by Euler, who we owe the theorem relating the
number of vertices V , edges E, and faces F of any tessellation of a 2-manifold M
[9]:
Version of August 26, 2019– Created August 26, 2019 - 07:25
11
12 Theory
V −E + F = χ, (2.13)
where χ = 2(1 − g) − h is the Euler characteristic of M, with h the number of
boundaries of the manifold (h = 0 for the torus). Thus for the toroidal manifold,
χ = 0.
Euler’s famous theorem can also be translated such that it is useful to study the
defects of 2D crystals with 6−fold order. To do this, a topological charge is defined
as the difference between the theoretical coordination number (6), and the actual
coordination number (ci): qi = 6− ci. For a torus,
Q =
V∑
i=1
qi = 6χ = 0. (2.14)
The total topological charge (defects) on a toroidal manifold should be zero. Thus,
contrary to a sphere where at least 12 5−fold disclinations arise as a consequence of
the geometrical frustration, a torus can be defect free. However, if disclinations are
present in a torus, these must appear in pairs of opposite disclination charge: 5-fold
(qi = 1) and 7−fold (qi = −1), to conserve disclination charge neutrality [9].
The orientational order is changed by topological defects and as a result strain
is introduced to the system, generating deformation stresses. The elastic theory
allows to translate the aforementioned interacting particles to disclinations defects
in a continuum elastic curved background. In this context the total free energy of a
toroidal crystal with N disclinations is given by [9]:
F =
1
2Y
∫
d2xΓ2(x) + c
N∑
i+1
q2i + F0, (2.15)
in which the first term represents the long-range elastic distortion due to defects
and Gaussian curvature, the second is the energy required to create a disclination
defect and, the third term is the free energy of a flat defect-free monolayer [9]. Here
Y is the two-dimensional Young modulus, Γ(x) represents the stress function due
to the Gaussian curvature of the torus, c is the core energy of a single disclination
which depends on the crystal forming material and the corresponding microscopic
interactions, and qi is the previously defined topological charge. For more detail on
these quantities refer to [9].
The free energy (Equation 2.15) has minimal value when the disclinations follow
the Gaussian curvature of the torus [9]. Thus, the regions where the magnitude of
12
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the Gaussian curvature is maximized are preferred by disclinations to be present in
the ground state. An example of this are the "knees"proposed by Dunlap in 1994,
which are composed by 5−fold and 7−fold disclinations either joined together or
aligned along the external and internal equator, respectively, to achieve the least
distortion in a hexagonal lattice embedded on a torus [28]. On the other hand,
numerical simulations by Giomi et al. [9] of point-like particles constrained to a
torus interacting via Uij = 1/|xi − xj |3, show that the torus aspect ratio and the
number of particles play a major role on the resulting dislocations and their location
along the tori. Giomi et al. find that when the number of particles (V ) on the torus
(r = 3, 4, 6) is 180 < V < 500, the minimal-energy configurations consist of 5−fold
and 7−fold disclinations on the outside and inside, respectively, as predicted by the
elastic theory. However, they also find that the lowest-energy lattice configurations
are strongly dependent on the number of particles. For r = 3 and V > 200, the
typical pattern of 5−fold antiprismatic toroid is observed. Whereas for r = 20
and V > 110, the structure is defect free. Also, for r = 6 and V > 460 they
observe coexistence of isolated disclinations and scars. Figure 2.3 shows selected
low-energy configurations for toroidal lattices of aspect ratio r = 3, 4, 6, 20 and
number of particles V , found by Giomi et al.. The advantage of their numerical
work is that the potential choice provides the possibility of direct comparison with
colloidal experiments.
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Figure: 2.3. Low configuration for toroidal lattices. The figure shows the results from the
numerical simulations by Giomi et al. [9]. Tori with different aspect ratios r = 3, 4, 6, 20
and different particle number, V . Image reproduced from [9].
14
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Chapter3
Materials and methods
3.1 Materials
Reagent Details
2-Propanol (≥ 99.6%, Honeywell)
2,2’-Azobis(2-methyl-propionitrile) (AIBN initiator, prurum, ≥ 98.0%, Fluka Analytical)
3-(trimethoxysilyl)propyl methacrylate (TPM 98%, Sigma)
Ammonium hydroxide solution (NH3) (28.0− 30.0%, Honeywell)
Commercial IP-Dipp resist (Nanoscribe)
Commercial IP-L resist (Nanoscribe)
Cover slip glass (30mm diameter, #1.5, Thermo Scientific)
Dialysis membrane (Vol/Length: 3.3mL cm−1, Spectra/Por)
Fused Silica (25×25mm2, Nanoscribe)
Milli-Q water Milli-Q Gradient A10
N,N’-Methylenebisacrylamide (≥ 99.5%, Sigma )
Paraffine wax (VWR chemicals)
Pluronic F-108 (Mn = 14, 600, Aldrich)
Pluronic F-127 (Sigma)
Poly(ethylene oxide) (PEO Mv = 600, 000, Aldrich)
poly(N’-Isopropylacrylamide) (99%, pure, stabilized, Acros Organics)
Potassium peroxodisulfate (Potassium persulfate, ≥ 99.0% (RT), Fluka Analytical)
Propylene Glycol Monomethyl Ether Acetate (PGMA, ≥ 99.5%, Sigma Aldrich)
Sodium Chloride (NaCl extra pure Mw = 58.44, Acros Organics)
Sodium Dodecyl Sulfate (SDS, ≥ 98.5%, Sigma-Aldrich)
Tetramethylammonium hydroxide (TMAH, 25wt% in H2O2, Sigma Aldrich)
Table 3.1: Materials. This table summarizes all the materials used for our experiments.
3.2 3D Micro printed structures
The micro-printed structures are used as the substrates over which our crystals are
formed. For this reason, they are an essential part of this thesis. The 3D structures
were designed in arbitrary units using Inventor (Autodesk), and then rescaled to
Version of August 26, 2019– Created August 26, 2019 - 07:25
15
16 Materials and methods
µm with Describe. The structures were finally fabricated using direct laser writing
(DWL) via two-photon polymerisation with a 3D printer (Nanoscribe GmbH, Pho-
tonics Professional GmbH). Thanks to the DLW technology a wide range of scales
can be achieved. The smooth surfaces of the 3D structures used for our experiments
were obtained using a 63 x objective (NA=1.48, Carl Zeiss). Two different substrates
and printing modes were used: Dip-in Laser Lithography on fused silica, and Oil
immersion on glass cover slip. The two methods are similar regarding that both
photo-resists are polymerised with a 780 nm wavelength laser focused with the 63 x
objective. Nevertheless for the former mode, the objective is in direct contact with
the resist, while for the latter the objective is in contact with the oil. While the
surface of the printed structures was good with both modes, we observed that the
microscopy imaging was better with glass cover slip. Thus all the results shown in
Chapter 4 were printed using the oil-immersion technique.
All substrates were rinsed with 2-Propanol followed by Milli-Q, and blow-dried prior
its use to avoid possible contaminants. After the desired structures were polymerised
with the laser, these were developed by merging the substrate in PGMA for 30 min,
rinsed with 2-Propanol to eliminate any non-polymerised photo-resist, and carefully
blow-dried. From beginning to end, the process is done under yellow light to avoid
undesired polymerisation.
3.3 Colloidal particles
3.3.1 TPM Particles
Red fluorescent 3-trimethoxysilylpropyl methacrylate particles from the batch syn-
thesized by van der Wel et al. [29] of 0.71 µm diameter were used for the experiments.
The corresponding gravitational height of these particles is lg = kbTV ∆ρg = 7.03 µm,
where V is the volume of one particle.
3.3.2 Surfactant Free Polystyrene Particles
The green fluorescent surfactant free polystyrene microparticles used in our ex-
periments were synthesized by Casper van der Wel following [30]. The particles
have a diameter of 0.98µm with a polydispersity of 3.3%. As the particles have
been stored for 2 years, the stability and fluorescence was verified with microscopy
previous to its use. The gravitational height of these particles corresponds to
lg =
kbT
V ∆ρg = 19.73 µm, where V is the volume of one particle.
16
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3.4 Poly(NIPAM)
3.4.1 Synthesis
The poly(N’-Isopropylacrylamide) hydrogel particles were synthesized using pre-
cipitation polymerization as in [31]. For our synthesis 0.19 g of SDS, 0.1 g N,N’-
Methylenebisacrylamide, and 1.99 g N’-Isopropylacrylamide were dissolved in 94ml
Millli-Q water. With each addition the solution was stirred at 260RPM until dis-
solved. The solution was degased with 4 cycles alternating vacuum and nitrogen and
left under nitrogen pumping for 3 minutes. Afterwards the solution was heated to
70 ◦C under nitrogen. 60.4mg of potassium persulfate were dissolved in 4ml Milli-Q
water, and inyected into the reactor. After 30 minutes the solution turned turbid,
indicating the formation of particles (see Figure 3.1). The reaction continued for
4 hours. Once the poly(NIPAM) particles were at room temperature, they were
cleaned by dialysis against Milli-Q water for five days, with water changes every 24
hours.
(a) (b)
Figure: 3.1. poly(NIPAM) spheres synthesis. (a) 30 minutes after the reaction started,
the refractive index of the solution changes indicating the formation of particles. (b)
Different refractive index as a result of poly(NIPAM) thermo-response. As the temperature
is increased, the hydrogel particles in water swell, changing the refractive index of the
solution. Spherical pNIPAM particles at 40 ◦C have a diameter of 30.40 nm (left), particles
at 25 ◦C are 60.78 nm in diameter (right).
Since poly(NIPAM) hydrogel particles are expected to be thermo-responisve, the
diameter of our particles was measured with a Zetasizer Nano ZS at different tem-
peratures. Three measurements at each temperature were taken yielding an average
diameter of 60.78 nm at 25 ◦C and 30.40 nm at 40 ◦C in Milli-Q water. Figure 3.1
shows that as a result of the thermo-responsivity of the hydrogel, the refractive
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index of the solution changes.
3.4.2 Concentrating the stock
Due to poly(NIPAM) water-solubility at room temperature, it is known that such
hydrogel particles tend to swell dramatically. With the water content being ≥
95 vol% for these particles [32], the estimation of the volume fraction becomes more
challenging than for typical colloidal particles. To overcome this and to control the
concentration of pNIPAM particles in our experiments, we sedimented the micro-
gel particles following [32], and then resuspended them. In this manner, we can
approximate the poly(NIPAM) volume fraction, φo (see Chapter 4).
The sedimentation was performed by centrifuging a small volume of the pNIPAM
synthesis stock at 41.657 xg, 37 ◦C for 1 hour with a Sorvall LYNX 4000 Superspeed
Centrifuge. As expected, after centrifugation a pellet was visible (see Figure 3.2).
The supernatant was removed and the particles were resuspended in as little volume
as possible of Milli-Q water. To resuspend the particles, usually 3 cycles alternating
sonication for 1 hour and voterxing were performed. After this, the homogeneity of
the solution was verified by heating the sample to 50 ◦C and asserting that no pellet
or hydrogel aggregates were visible. The final solution was kept at 7 ◦C since it was
observed that it was easily contaminated. For this same reason, the concentrated
poly(NIPAM) solution was used during a maximum period of two weeks and then
a new batch of pNIPAM was concentrated freshly again.
(a) (b)
Figure: 3.2. Centrifuged poly(NIPAM) particles. (a) After centrifugation a blob of
pNIPAM hydrogel is visible when temperature is raise to 50 ◦C. (b) To determine the
volume fraction of pNIPAM, the supernatant is removed and the particles are resuspended
in 3800 µL of Milli-Q water.
18
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3.4.3 Sample preparation
We prepared three kind of samples using pNIPAM nano particles. The usage of each
of these samples is explicitly specified in Chapter 4.
1. Colloids and pNIPAM as synthesized: These samples were prepared
as in [16], changing the Pluronic P-123 for Pluronic F-127 since the former
was not immediately available in our laboratory. 4 · 10−3 vol% surfactant free
polystyrene particles were mixed with 1 vol% of polyNIPAM particles as syn-
tesized. Then 15mM NaCl and 0.1 vol% of Pluronic F-127 were incorporated
to the solution.
2. Colloids and concentrated pNIPAM: The centrifuged poly(NIPAM) hy-
drogel particles (see section 3.4.2) were diluted with MilliQ water until each
of the desired volume fractions was reached, then a final concentration of
0.008 · 10−3 vol% of surfactant free polystyrene particles was added. Typically
the total volume was 100 µL and the fixed amount of colloids added was 1.5 µL.
3. Sterically stabilized colloids and concentrated pNIPAM: A stock solu-
tion of 26.66wt% Pluronic F-127 in Milli-Q water was prepared. Then 1mL of
surfactant free polystyrene particles was mixed with 33.5mL of the Pluronic F-
127 stock solution, yielding a final concentration of 0.055 vol% of PS particles.
The solution was mixed for 4 days, and then the particles were washed 3 times,
and resuspended in 1mL of Milli-Q water. For the sample, the centrifuged
poly(NIPAM) diluted with Milli-Q water was added to 9.5 µL of polystyrene
particles with pluronic to yield a final concentration of 0.005φo pNIPAM. Then
10mM of NaCl were added.
Since we conducted several experiments using a wide range of poly(NIPAM) nanopar-
ticles concentration, the final volume fractions are specified in Chapter 4. Disper-
sions were first placed in a flat optical capillary and sealed with UV-sensitive glue
onto a microscope slide for convenience. As we were interested in looking at the
dynamics even at long times (> 24hours), the cured UV-glue was covered with a
layer of nail-polish to aviod no evaporation.
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3.5 Poly(ethylene) oxide
3.5.1 Stock preparation
We used poly(ethylene) oxide (PEO) with a molar mass of Mv = 600.000 kDa, as
Rossi et al. [5]. The radius of gyration of this polymer was calculated to be 50.2 nm,
using [33]. The polymer stock solutions with different concentrations ranging from
1 gL−1 to 40 gL−1 were prepared by mixing the PEO in 10mM aqueous sodium
chloride (NaCl) solution and heated up in an oil bath to 70 ◦C for 1 hour to dissolve
the polymer. A total concentration of 500µgmL−1 Pluronics F-127 was added to
avoid the polymer to be adsorbed on the surface of the particles or the micro printed
structures. The solution was again heated to 70 ◦C for half an hour to dissolve the
surfactant. Usually we prepared 10mL of PEO stock solutions freshly every day.
The polymer volume fraction is calculated by approximating: φ ≈ Vp(
W
Mv )
VT
, where
Vp is the volume of a single polymer chain approximated as sphere of radius Rg, W
is the grams of polymer added to each solution, Mv = 600.000 kDa is the molecular
weight of the PEO, and VT is the total solution volume. Volume fractions for each
experiment are specified in Chapter 4.
3.5.2 Sample preparation
All the experiments using PEO as depletant reported in this thesis were prepared
as follows. 1mL of colloids stored in Milli-Q water was sedimented with a micro-
centrifuge at 3.293 xg for 15 minutes and dispersed in Milli-Q water at pH 9. After
verifying the stability of the colloids with optical microscopy, these were sedimented
in the same manner and resuspended in 1mL of poly(ethylene) oxide stock described
in section 3.5.1. The pH of the final dispersion containing the colloids and deple-
tants was also modified to be 9. To achieve a pH 9, usually 30 - 45µL of TMAH
1vol% were added into 1mL of the desired solution. Initial experiments were per-
formed with a concentration of 0.20wt% TPM particles and 19.4wt% surfactant free
polystyrene particles. However, since imaging of the crystalline structures on top of
the 3D surfaces is difficult when the sample is too concentrated, the concentration
of colloids was reduced keeping in mind the minimum concentration for full coverage
of the 3D structures.
The dispersions were first placed in a flat optical capillary and sealed with UV-
sensitive glue onto a microscope slide for convenience. As we were interested in
looking at the dynamics even at long times (> 24hours), the cured UV-glue was
20
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covered with a layer of nail-polish to ensure no evaporation. For the samples using
the 3D microstructures as substrates, a teflon ring was glued to substrate using
paraffine wax, taking care that the structures were centered in the teflon ring, so
no boundary effects were present in the area of interest. Afterwards, the ring was
filled with freshly made colloidal-depletant solution (∼ 400µL). Finally the sample
was sealed with a cover slip glued with paraffine wax. When the paraffine wax was
carefully placed and the sample is kept at 7 ◦C, we observed that the sample could
last up to 20 days with minimal evaporation.
3.6 Data acquisition
All samples were imaged using an inverted confocal microscope (Nikon Eclipse TI-E)
equipped with a Nikon A1R confocal scan head with galvano and resonant scanning
mirrors. Depending on the sample, an ELWD 60 x objective (NA= 0.7) and a
100 x oil immersion objective (NA= 1.4) were used. Colloids with RITC-APS and
Bodipy dyes were excited with 561 nm and 488 nm wavelengths, respectively. Two
dimensional bright field videos were taken typically at a frame rate of 18 fps, while
the three dimensional z-stack images were acquired by scanning the sample in the
z-direction with a Nikon A1 Piezo Z Drive.
3.7 Data analysis
The coordinates of the center of mass of the particles from the confocal images
were tracked using Python’s implementation of the Crocker and Grier algorithm
[34], TrackPy [35]. These points were later used to trace the Voronoi diagrams of
each experimental image using Python’s SciPy spatial module [36]. The Voronoi
tessellation was coloured according to the coordination number using [37].
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Chapter4
Results and discussion
In this chapter, 2D colloidal crystallization on toroidal surfaces via depletion inter-
action are investigated. We first start by finding the suitable parameters to obtain
2D colloidal crystals on a flat surface and then extend the experiment to non-zero
Gaussian curvature surfaces using 3D micro-printing. Finally the proposed experi-
mental set-up is used to qualitatively compare toroidal crystals with different aspect
ratios and to qualitatively compare a typical torus with a "flat" one.
4.1 Preliminary study on parameters for 2D col-
loidal crystallization
To obtain 2D crystallization, it is first needed to find the volume fraction range
of depletant that induces a suitable depletion force for crystallization. This has to
be tuned not only to have particle-particle depletion interaction, but also particle-
substrate depletion interaction. Since our experiments are conducted with colloids
initially distributed over a height greater than 7µm, the depletion force has to be
enough to let the particles rearrange to find the lowest energy configuration within
the crystal domains, while they are also attracted to the substrate.
4.1.1 Depletion interaction induced by poly(NIPAM)
Poly(NIPAM) hydrogel particles have been successfully used as depletant agents [2,
4, 16, 19, 31, 38], because of their thermo-responsive character that allows assembly
and melting of crystals upon temperature variations. In this section, we summarize
the experimental results obtained by using different volume fractions of nanoparticles
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as depletant, and provide an explanation to the observed behaviour.
Although it is known that the depletion force is only dependent on the density of
depletant and the overlap volume (see Chapter 2), the experiments here presented
were not straightforward since the volume fraction of the synthesized pNIPAM was
unknown prior to experiments. Following Meng et al. [31] sample preparation, two
samples were prepared (see sample preparation 1 in section 3.4.3) to estimate the
hydrogel particle concentration needed to achieve depletion to the substrate. For
the first sample (see Figure 4.1a), no attraction between colloids is observed, while
for the second sample in which depletant concentration was increased by a factor
of 102 keeping the other parameters fixed, colloidal particles form small 3D rigid
clusters (see Figure 4.1b). The dynamics of both samples was observed over two
hours. Thus Figure 4.1 illustrates two limit cases: low depletant concentration such
that the depletion potential is too low and very high concentration of depletants
since aggregation occurs.
(a) (b)
Figure: 4.1. Depletion limit cases. Two samples are prepared using using TPM spherical
paticles (d = 0.71µm) and poly(NIPAM) microgel depletant particles as synthesized. (a)
Depletion force is not strong enough. No depletion is observed, polystyrene are stable and
do not interact with each other. (b) Depletion force is too large. Small rigid clusters of
polystyrene particles are observed as a result of the excess of depletant. The scale bars
correspond to 10 µm.
Since the range of depletant volume fraction needed to have a suitable depletion
force is rather narrow [2], pNIPAM hydrogel was concentrated by means of cen-
trifugation (see Chapter 3) to have a rough estimation of the volume fraction used.
Using V = Wρp , where W is the weighted mass and ρp(= 1.1 gmL
−1) is the pNIPAM
density, we calculated that the volume of the sedimented pNIPAM hydrogel corre-
sponds to 200µL. The hydrogel is then resuspended in 3800µL yielding a depletant
volume fraction of φo = 0.05. To study the effect of different volume fractions of
depletant on the colloidal solution, we performed a series of experiments consisting
only of centrifuged depletant and colloids (see sample preparation 2 from section
24
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3.4.3), varying the volume fraction from φo to 0.3φo. Figure 4.2 shows that the
depletion force is too strong in the 1− 0.5φo volume fraction range, since colloidal
spheres aggregate in big rigid 3D clusters immediately. On the other hand, by us-
ing 0.3929φo hydrogel volume fraction, colloidal particles seem to be more stable in
the solution with exception of fewer rigid 3D clusters (see Figure 4.3). With the
0.3929φo concentration it is also noticed that although polystyrene colloids were
still diffusing, they mainly stayed in focus. These polystyrene particles have a grav-
itational height of lg = 19.73 µm (see Chapter 3.3.2), and by using this depletant
concentration we observed that particles are distributed over the sample with a max-
imum height of 12 µm. This indicates that the concentration of depletant needed
to achieve depletion between particles and to the substrate should be close to this
concentration.
Figure: 4.2. Clusters by depletion. With the centrifuged poly(NIPAM) depletant, several
samples were prepared using different volume fractions and observed on a flat capillary.
By diluting the depletant concentration from φo to 0.5φo, it is observed that the depletion
force is too strong. As a result of this, big rigid clusters are observed immediately. All
scale bars correspond to 10 µm.
By decreasing the depletant volume fraction in smaller steps, we found that for
φ ∈ [38.24%, 39.29%] φo polystyrene particles would be distributed over the sample
with a maximum height ≤ 5 µm after an average of 15 minutes. Nevertheless this
range lacks consistency. We observed that the particles aggregated in large rigid
clusters for some volume fractions within this interval (see Figure 4.4). Although all
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Figure: 4.3. Polystyrene particles interacting via depletion. With a depletant volume
fraction of 0.3929φo, polystyrene particles exhibit a rather stable behaviour. Very few
small rigid clusters are visible, and the colloids are confined in volume with 12 µm height.
This suggests that colloidal particles experience a weak attraction to the surface induced
by the depletants. The scale bar is 10µm.
experiments were conducted using the same poly(NIPAM) batch to avoid possible
fluctuations in the volume fraction occupied, discrepancies in the colloidal behavior
also arose when experiments were repeated (see Figure A.1). As these two behaviors
suggest that colloidal stability should be improved, new experiments were conducted
implementing steric stabilization of the particles (see sample preparation 3 from
section 3.4.3) and reducing the concentration of depletant used by a factor of 104.
We used then pluronic F-127 to stabilize the PS particles in salt, since 10mM NaCl
were added to screen the long-ranged electrostatic repulsion between polystyrene
particles. Since the radius of gyration of pluronic F-127 is Rg = 9.98 nm [33], and
the 10mM NaCl should screen the electrostatic repulsion at 3 nm, PS particles were
expected to be stable under these conditions. Colloidal stability was verified prior
to adding the depletant as shown in Figure 4.5a, where particles do not aggregate,
although some particles stick to the glass due to the salt. However Figure 4.5b
shows that even when a low concentration of depletant (φ = 0.5%φo) is added to
the solution, small rigid clusters are seen immediately. This was not the expected
outcome since the depletant volume fraction occupied much lower in comparison
to the previous experiments when sometimes particles were stable and because the
steric stabilization from the grafted polymer should avoid particle aggregation.
Unlike previous research conducted using poly(NIPAM) as depletant agent [2, 4,
16, 19, 31, 38], our results do not show flexible clusters or systematic depletion to
2D. The observed inconsistencies could be attributed to the centrifugation process
to which the pNIPAM was subjected. A reasonable explanation is that this process
26
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Figure: 4.4. Poly(NIPAM) depletion diagram. This diagram depicts the inconsistencies
when using centrifuged poly(NIPAM) hydrogels particles as deplentant. The red circles
mark the volume fraction with which big rigid clusters were observed, while the green
circles mark those when particles were interacting with a weak depletion interaction. Scale
bars are 10µm.
(a) (b)
Figure: 4.5. Sterically stabilized PS particles. Colloids were sterically stabilized with
Pluronic F-127 and then 10mM were added to reduce the Debye length to 3 nm. (a)
Shows that particles under these conditions are stable. (b) Shows that particles aggregate
in smalls rigid clusters when 0.5%φo depletant volume fraction is added. The scaling bars
are 10 µm
might induce the formation of hydrogel clusters affecting in this way the function of
the depletant.
4.1.2 Depletion interaction induced by PEO
Poly(NIPAM) nanoparticles were chosen due to their advantage of being thermo-
resposible. A direct use of this characteristic is the possibility of "melting" the
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crystal by increasing the temperature of the system since the size of the hydrogel
particles decreases. However, our results in section 4.1.1 show that we did not
achieve a controllable depletion force using pNIPAM depletant. For this reason, we
conducted experiments with a different type of depletant. In this section, we show
the results using different concentrations of PEO as depletant.
Inspired by the beautiful cubic mosaics of Rossi et al. [4], we conducted experiments
using poly(ethylene) oxide as depletant. For these experiments, we used TPM par-
ticles (d = 0.71 µm) and surfactant free polystyrene partices (d = 0.98 µm), whose
gravitational height are lg = 7.03 µm and lg = 19.4 µm, respectively. As the nec-
essary depletant concentration to obtain depletion between particles and to the
substrate was unknown, we first used the TPM particles with three different volume
fractions, φ, of PEO. Figure 4.6 shows two of these samples. In Figure 4.6a, we
used φ ≈ 0.212 depletant volume fraction. It can be seen that the depletant drives
the particles together. These start to nucleate in hexagonal lattice domains within
minutes. On the other hand, Figure 4.6b shows that with φ ≈ 1, particles aggregate
and diffuse less as a response of the excess of polymer and high viscosity of the
solution.
(a) 0.02093 (b) 0.1995g
Figure: 4.6. Depletion interaction using PEO. Samples were prepared using polystyrene
particles , PEO (Mv = 600, 000) polymer as depletant and Pluronic F-127 to avoid PEO
sticking to the particles. (a) Shows particles arranging in small hexagonal domains by
depletion interaction. Particles rearrange over the domains, suggesting that the depletion
force is few kBT , as needed. The polymer volume fraction was φ ≈ 0.212. (b) With
φ ≈ 1, particles aggregate immediately as a response of the excess of depletant in the
sample. The scalling bars are 10µm.
Particles on the outer part of the domains from Figure 4.6a show to be able to change
their lattice site. The crystalline structure grows via coalescence of the hexagonal
lattice domains and of the single particles that remain diffusing in solution. Figure
4.7 shows the growth of the crystal after 24 hours with a PEO volume fraction φ ≈
28
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0.212, where clearly close-packed 2D-planes are stacked in 3D creating multilayers.
It should be noted that this process would be accelerated if the concentration of
colloids is increased since the probability of two particles being closer than the
exclusion zone is higher.
Figure: 4.7. Crystal nucleation via depletion interaction. By using a final concentration
of 2 g L−1 (φ = 0.212) PEO, TPM particles (d = 0.71µm) nucleate into big (>20 µm)
hexagonal lattice domains after 24 hours on a flat capillary.
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4.2 Testing crystallization on 3D surfaces
In order to achieve 2D crystallization on the micro-printed surfaces, we first have to
prove that particle depletion towards the 3D structure is possible. Although chang-
ing the capillary to the 3D printed structures might seem experimentally trivial,
this is not a valid assumption to make. Since the resist with which the structures
are fabricated has not been characterized, it is not straightforward to know whether
these will interact with the particles.
Thus, with the success of such regular 2D crystal on the flat capillary, we repeated
the experiment now using micro-printed icosahedrons. 6 µm tall 3D printed icosa-
hedrons were used as substrates. We chose icosahedrons only because these were
already available in the laboratory. Nevertheless, in despite of the 2D crystal ob-
tained in the flat surface, we observed that while some icosahedrons are not fully
covered with colloids (Figure 4.9a), others display aggregates (Figure 4.9b). Figure
4.8 was taken after an equilibration time of 30 minutes and particles were seen to
rearrange on the flat bottom surface and on the icosahedral substrate. Therefore,
incomplete coverage of the icosahedral surfaces was anticipated within this time
since the time scale for the colloids to reach an equilibrium state on the 3D struc-
tures could be longer. However, the colloidal aggregates were not expected. From
these observations it is concluded that this result points to an excess of depletant
in the solution rather than an interaction from the 3D surface with the colloids.
We also observed that imaging the icosahedra surface is challenging, which can be
attributed to the vertexes of the geometry, and the scatter from the fluorophore of
the micro-structures.
Based on this result, the concentration of depletant was decreased by half. Inter-
estingly, by doing this we were able to track the nucleation of the 2D crystal. As
explained in Chapter 2, colloidal particles mixed with non-adsorbing polymers are
surrounded by an exclusion volume. In our experimental setup, the exclusion volume
thickness is proportional to the radius of gyration Rg of the poly(ethylene) oxide
polymer. Therefore, if the polystyrene particles come closer than 2Rg the exclusion
volumes overlap by Vov, and the total volume accessible for the polymer is increased.
Consequently an osmotic pressure due to the imbalance of polymers in between the
colloids and the excess of these around them drive the particles together. This pro-
cess was observed as diffusing particles came close enough. These would first form
flexible dumbbells and trimers, and then single particles diffusing in solution would
nucleate into these structures. Figure 4.10 shows the time evolution of our system
composed by polystyrene particles (d = 0.98 µm) and a volume fraction φ ≈ 0.212
of depletant, where we can appreciate that the size of the close-packed structures
30
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(a) (b)
Figure: 4.8. Depletion on 3D printed icosahedra. TPM particles in the presence of
PEO (2 gL−1) as depletant using 3D printed icosahedra as substrates show two different
behaviours. (a) Colloids are attracted to the substrate and create small 2D domains on
them. (b) Colloids are also seen to form aggregates on top of the 3D structures. This
behaviour suggests that the depletant volume fraction occupied was too high to achieve
2D crystals on the structures.
(a) (b)
Figure: 4.9. SEM image of icosahedra. (a) SEM image of an array of 5 µm tall icosahedra.
(b) The printed surfaces exhibit roughness, however the spacing in between the printed
lines is significantly smaller than the colloids we use for our experiments. We expect
this roughness will not affect the arrangement of particles on top of the micro-printed
structures. These icosahedra were printed using the same parameters as the 3D micro-
structures used for Figure 4.8.
grows with time, resulting in big 2D domains of hexagonal lattices which are then
stacked in 3D within 21.5 hours. Theoretically the depletion force of this system
corresponds to few kBT , which is experimentally observed with the particles being
able to rearrange and detach from previously formed domains.
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Figure: 4.10. Time evolution of crystal nucleation. The right concentration of PEO
(φ ≈ 0.212) induces depletion between the particles and to the substrate. Particles diffuse
in solution, and when they are closer than 2Rg = 100.4 nm their exclusion volumes overlap.
The polymers are depleted from the overlap region and more volume becomes accessible
to the polymers to surround the particles. The imbalance of polymers in between the
particles and the outer part acts as an osmotic pressure driving the particles together. As
a result, after 2 hours particles form flexible dumbbells and trimers, to which later more
particles nucleate around. After 21.5 hours the sample yields 2D crystals stacking on each
other. Due to the multiple layers, confocal microscopy is needed to resolve each layer as
shown in the first inset. As expected particles in a flat capillary form a hexagonal lattice,
which is also represented on the second inset with a Voronoi tessellation. The tessellation
confirms that the coordination number of most of the particles is 6, although some 5-fold
disclinations are also present in the selected region.
32
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4.3 Toroidal crystals
4.3.1 Experimental realization of toroidal crystals
Since our main goal was to experimentally achieve a colloidal crystal embedded
on arbitrary 3D surfaces, we first proceed to prove the viability of our system.
We repeated the experiment that displayed both depletion between particles and
depletion to the flat substrate (PEO volume fraction φ ≈ 0.106), but now using 3D
micro-printed structures as substrates. Expecting this time, only 2D crystals on the
structures opposed to the previous chapter, where we observed big clusters on the
icosahedra, see Figure 4.8.
Figure 4.11 shows the set-up with an array of 6µm tall tori, in which after 3 hours
colloidal particles were observed to self-assemble into hexagonal lattice domains on
the flat space of the substrate and attraction to the toroidal surface is also observed.
However, the attraction towards the curved surface is clearly weaker than to the
flat surface, indicating that osmotic pressure on the colloids is less in the region
surrounding the tori, compared to the flat substrate. From the derivation shown in
Chapter 2, the depletion interaction between a sphere and a plate was twice than
depletion interaction between spheres, and our observations confirm that the former
one is also greater than for colloids and curved surfaces. A crucial remark is that
particles attracted to the 3D micro-printed structures are continuously rearranging
on the surface, confirming that both particle-particle and particle-torus attractions
are driven by depletion interaction. The crystal growth dynamics on the substrate
was followed for 5 more hours. Figure 4.12 shows that after 24 hours the particle
coverage on the toroidal structures is high. However particles are still observed to
diffuse in some less covered regions on top of the structure, suggesting that the
system is not completely equilibrated yet. Thus, if the system would be given more
equilibration time, a bigger crystalline structure -with the corresponding topological
defects attributed to the curvature- covering the entire structure would be viable,
taking into account that full coverage might be limited by the equilibrium between
crystal sites and free particles set by µ. With this, the proof of principle of growing
2D crystals by depletion interaction on an arbitrary 3D micro-printed-structure is
asserted.
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Figure: 4.11. Depletion to toroidal surfaces. This figure shows the beginning of crys-
tallization on 3D printed tori structures. Due to the depletion interaction, polystyrene
particles nucleate in small honeycomb domains on the flat surface, while the particles
close to the 3D printed structures are attracted towards the structures. Colloids are ob-
served to rearrange both on the flat and around the tori. The scale bar is 10 µm.
Figure: 4.12. Crystal growth on toroidal surfaces. After 24 hours, the confocal images
show that 2D crystals have formed on the flat parts of the substrate (left), and the 6µm tall
toroidal structures exhibit a monolayer of polystyrene particles diffusing on top (center).
Finally, a closeup of the toroidal structures is shown (right).
34
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4.3.2 Comparison of tori with different aspect ratios
Motivated by the success of our system, we proceeded to experimentally get insights
into the interaction of the particles with the curvature of the structures. As discussed
in Chapter 1, current experiments have only been designed on a rather narrow variety
of geometries (see Figure 1.2) and experimental validation of numerical simulations
for more complex shapes such as torus [9] is still needed. In addition, a torus has a
genus g = 1 (see Chapter 2) which makes it topologically different than any of the
previously reported experiments [17–19] and also offers both positive and negative
Gaussian curvature. For these reasons and because of the practicality to tune its
aspect ratio, we chose to focus on toroidal structures. In this section we show the
experimental viability of achieving crystal growth on tori with different aspect ratios.
We conducted experiments varying the aspect ratio of the toroidal structures, such
that r(= R1R2 ) ∈ {3, 4, 12, 40}. 3D structures with these aspect ratios were de-
signed in arbitrary units using inventor 3D-drawing software, and later scaled to
micrometers using Describe software. A high number of particles is needed for the
continuum approximation (described in Chapter 2) to accurately describe our sys-
tem. Therefore, with the aim of increasing the number of particles (N) on the 3D
printed structures, i.e.. to increase number of vertices of the lattice, the height of
the printed structures was set to be ∼ 15 µm tall. To obtain particles to be de-
pleted on the top part of the structures, it is required that the particles are initially
distributed over a height as tall as the aimed structure. Thus, it is important to
emphasize that the height of our micro-printed structures is only constrained by
the gravitational height of the colloids in use, which in our system with polystyrene
particles is lg = 19.73 µm.
Figure 4.13 summarizes our experiments using tori with different aspects ratios,
and provides the estimated number of particles, N , that the crystal on each tori
should have. The number of particles was calculated as ATAp , where AT = 4pi
2R1R2
is the surface of a torus, and Ap = pi(d2)
2 = 3.01 µm2 the area of occupied by
a circle of diameter d = 0.98 µm. Theoretically, this is the number of vertices a
defect-free toroidal triangulation should have, however, experimentally this is an
overestimation since the area of the tori intersected by the glass is not available for
particles to interact with. As expected, coverage of the top part of the tori was
seen after a couple of equilibration hours, while no particles were visible on the two
equators of the tori. This was expected since the Gaussian curvature is maximized
at the equatorial plane. Samples were allowed to equilibrate for 11 days, and even
then, particles were observed to diffuse on the surface. It was noted that particles
within a hexagonal lattice would only wiggle around their equilibrium position, while
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particles in any other configuration would move across the corners and edges of the
existing domains to reach a new lattice site. Responsible of this is the short range
interaction that creates a free energy barrier. The dynamics of these rearranging
particles was captured with z-stack videos in time, nevertheless due to time shortage
their analysis is out of the scope of this thesis. Strikingly figure 4.14 shows that after
11 days the inner region (|ψ| > pi2 ) of the torus is completely covered, contrary to
the outer region (|ψ| < pi2 ). Nonetheless since the magnitude of Gaussian curvature
is larger on the inside than on the outside of a torus, we are of the opinion that the
structure is completely covered but the imaging is rather challenging in that region.
Tori with r = 12 and r = 40 show unexpected particle arrangement (see Figure
A.2). We propose that this behaviour is attributed to roughness induced by the 3D
printing process, in particular the stitching process that the DWL encompasses for
such big structures. Fortunately this does not necessarily imply that our system
has limitations within these size ranges, but rather that the structure’s split process
prior to printing should be cautiously done (rectangular splitting is preferred over
hexagonal). Thus, further analysis only focuses on tori with r = 3 and r = 4 aspect
ratios.
36
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Figure: 4.13. Toroidal crystals with different aspect ratios. This image summarizes
the experimental results of using PEO to deplete polystyrene particles towards toroidal
surfaces with different aspect ratios. It includes R1, the distance between the axis parallel
to the Z axis and the center of the circle that is revolved to create the torus (first row);
the tuple (r,V ), where r = R1R2 is the aspect ratio of the torus and V is calculated number
of particles that the toroidal crystal should have (second row); the designed 3D structure
(third row); and the experimental crystalline structures. Experimental images of tori with
r = 3, 4 were taken after 11 days of equilibration, while experimental images of tori with
r = 12, 40 were taken after only 4 hours of equilibration. The height of the tori with
r = 3, 4, 6 was 15µm, while for the tori with r = 20 it was 10µm.
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Figure: 4.14. Toroidal crystal growth in time. A torus (r = 4) imaged from the top
and side view on the same day the sample was prepared and after 11 days. On the first
day only the top part of the torus was covered with colloids and the glass (flat) substrate
was covered with closely packed 2D hexagonal lattice domains stacked in 3D. However
after 11 days, as the system equilibrates, full coverage of the inner part of the torus
is seen while some of the outer parts seem to not be filled. Since the magnitude of the
Gaussian curvature on the inner part is greater than on the outside, this was not expected.
Nevertheless, the apparent lack of particles on the outside part is justified by the challenge
it represents to image in that section due to the scattering from the 3D printed structure,
the colloidal particles on the glass, and the structure itself.
38
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4.3.3 Comparison of a complete and a cut torus
For the experiments, arrays of at least 15 tori of each aspect ratio were used as
substrates. In most of the cases, the arrangement of the particles on tori with a
given aspect ratio was observed to be consistent. However, we found a substrate on
which the particles arranged completely different from the others of the array. In
this section we qualitatively study the difference between a representative torus of
the array and the exceptional one. In addition, we provide an explanation for the
difference.
From the numerical work by Giomi et. al. [9], we expected tori with aspect ratios
r = 3, 4 to only have 5−fold disclinations along the external equator of the torus and
7−fold disclinations along the internal equator, when the number of particles was
180 < V < 500. Thus the on the top part of the toroidal structures, it was expected
for particles to arrange in a hexagonal lattice. However, the experimental image
from Figure 4.15 shows that while in some regions particles are closely packed in a
hexagonal lattice, in other regions particles have 6 nearest neighbours but particles
are rather arranged in straight lines separated radially along the torus. This can
be observed in the schematic insets of Figure 4.15 and Figure 4.16. Moreover, this
torus is also a rich example of typical defects on crystals such as grain boundaries
scars (orange arrow), vacancies (pink arrow), and disclinations (red arrow).
On the other hand, Figure 4.16 shows that particles arrange in a closely packed
hexagonal lattice over the entire toroidal surface, and almost equally spaced radial
grain boundary scars appear to relieve the curvature-induced strain. These scars
arise as a consequence of the parallel transport of a vector on the torus, which forces
the crystals to be mismatched. Responsible of the marked difference between Figure
4.15 and Figure 4.16 is that although both tori (r = 4) belong to the same sample,
the print of the latter was not completed, resulting in a torus with a flat top. We
will refer to this torus as "flat torus" in the following. Important to highlight is that
all tori (≥ 15), irrespective of the aspect ratio, show similar results as Figure 4.15.
This confirms that that the geometry induces more defects in the ground state to
alleviate the curvature-induced elastic stress on large crystals grown on non-zero
Gaussian curvature surfaces than those accounted by topology only. The resulting
boundary scars we obtain on the flat torus (Figure 4.16) could be a consequence of
increasing the size of the system (as compared to the numerical simulations from
[9]). As previously seen on spherical surfaces, where only 12 5−fold disclinations
are expected, but above a critical size the system exhibits scars [17].
To quantitatively analyse the crystalline structures, the tessellation of the particles
must be studied. To do this, we track the centroids of the particles and construct a
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Figure: 4.15. Toroidal crystal. The top plane of a 15 µm height torus (r = 4) is shown.
The experimental image displays a rich example of curvature-induced topological defects.
The pink arrow points at a vacancy (particle missing form the lattice); the red arrow
points to a 5-fold disclination; and the orange arrow points at a gran boundary scar. The
yellow, red and pink inset are a close-up to the part where the arrows point, the colors are
in accordance to the arrows. The blue inset of the image shows that while in some parts
the expected hexagonal lattice is observed, in others other hexagonal arrangements are
seen. As drawn in the schematic, particles seem to be separated along the radial direction
of the tori, while keeping the 6 coordination number. This arrangement is broken by scars
when the arc of the torus increases.
Voronoi diagram to analyse the coordination number. Figure 4.17 and Figure 4.18
show the Voronoi tessellation computed using the experimental centroids overlapped
on the experimental image. The colours from the Voronoi diagram represent the co-
ordination number of each particle. However, we stress that the particle tracking
software fails to account for a wide range of different intensities from the particles on
the chosen z-slice. As a result, the Voronoi tessellation is constructed with nonex-
istent vacancies, and therefore the coordination number is miscalculated. Figure
A.3 shows the recognised centroids on the experimental images, and the respective
Voronoi diagram. It is important to mention that although the particle tracking
algorithm can be used in 3D, the implemented code to obtain the Voronoi diagram
is intended to use for points on a 2D flat plane. Since we are aware that to pro-
duce the Voronoi tessellation from our experimental data on a toroidal surface is
40
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Figure: 4.16. Crystal on flat torus. A beautiful hexagonal crystal is formed on a flat top
torus (r = 4) as a result interrupting the 3D printing process half-way. Although the gradi-
ent of the Gaussian curvature is less than in the other surfaces, vacancies, grain boundary
scars, and disclinations are observed. The inset shows the closely packed honeycomb lat-
tice and the grain boundary scars that were not expected from previous numertical work,
but we attribute to a critical size of the system. Finally the schematic drawing shows the
honeycomb arrangement of colloids.
not trivial, we only considered the top plane of the tori and computed the Voronoi
diagram disregarding the non-zero Gaussian curvature on which the particles lay.
Unfortunately, as anticipated, this represents a limitation to further analyse the dis-
tribution of defects, the bond order parameter within the crystalline structures, and
the existence of the "knees" (5-fold and 7-fold disclinations) on the equatorial plane
of toroidal crystals.
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Figure: 4.17. Voronoi diagram of flat toroidal crystal. The centroids from Figure 4.15
were tracked, and these points were used to calculate this Voronoi diagram on the curved
surface. The cells colors represent the coordination number, zi, of the colloids; red for
zi = 4, orange for zi = 5, magenta for zi = 6, blue for zi = 7, and aqua for zi = 8. In
Figure A.3 it can be recognised that some particles were not tracked correctly, leading to
a miscalculation of the tessellation.
42
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Figure: 4.18. Voronoi diagram of flat toroidal crystal. The centroids from Figure 4.16
were tracked, and these points were used to calculate this Voronoi diagram on the curved
surface. The cells colors represent the coordination number, zi, of the colloids; red for
zi = 4, orange for zi = 5, magenta for zi = 6, blue for zi = 7, and aqua for zi = 8. In
Figure A.3 it can be recognised that some particles were not tracked correctly, leading to
a miscalculation of the tessellation.
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Conclusions and outlook
In conclusion, we have developed a method to create 2D colloidal crystals on arbi-
trary 3D surfaces via depletion interaction on 3D micro-printed surfaces. In order
to achieve this, we first characterized the parameters necessary to obtain a suitable
depletion force to induce 2D crystallization of particles with a high gravitational
height. The experiments were first performed on a flat surface and then they were
extended to 3D micro-printed structures as substrates.
For the first part, we focused on finding the volume fraction range of depletant using
two different depletant agents: pNIPAM hydrogel particles and PEO polymer. In
contrast to previous published research, our experiments using poly(NIPAM) were
not successful in the sense that no consistent results were obtained. The reason
behind this was the approach we took to vary the volume fraction of nanoparticles.
We provided experimental evidence that suggests that centrifugation of these par-
ticles induces aggregation of hydrogel particles, affecting in this way the function of
the depletant. On the other hand, we showed that experiments with PEO polymer
drive particle-particle and particle-substrate depletion as reported previously [4, 5].
Our experimental set-up was designed to be easily transferable from a flat substrate
to an arbitrary 3D surface. This was achieved by using colloidal particles with a
gravitational height large enough to reach the top of the 3D substrate, and obtain-
ing micrometer-sized surfaces of arbitrary geometry via micro-printing. With this
system, the proof of principle of growing 2D crystals by depletion interaction on
arbitrary 3D surfaces was asserted. Thus, our experimental set-up offers a way to
achieve 2D crystallization embedded in novel topological manifolds. In this direc-
tion, we experimentally achieved to create toroidal crystals with different aspect
ratios, and we provided the first steps to experimentally confirm the results from
published numerical work. However, due to time limitations, only partial qualitative
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analysis of our crystalline structures was achieved.
The analysis of the results outlined in this thesis was limited by the lack of a software
to trace the Voronoi diagram on a torus. A direct consequence of this is that no di-
rect comparison between our experimental results on toroidal crystals with different
aspect ratio and theoretical work was possible at the moment. The development of
such a computational library is a key part to correctly analyze the data obtained
with our experiments, and will be needed to have a quantitative analysis of the
topological defects in our system. We encourage that more work is done towards
addressing this limitation.
The experimental set-up described in this thesis is an early success that has the
potential to shed some light on addressing the questions on how short-ranged in-
teracting particles interact in a curved phase-space. Advantageous of the system
is the simplicity with which a different 2-manifold can be chosen to study colloidal
crystallization. Thus, the results outlined in this work only depict the beginning of a
whole new set of possible experiments that can be performed straightforwardly. We
expect that this will provide the opportunity to eventually reduce the gap between
experimental and theoretical knowledge of topological defects of crystals on curved
surfaces.
To further our research we plan to conduct colloidal crystallization on icosahedra
surfaces and our research group envisions to study the distortion exerted over such
crystalline structures by active particles. In addition, our experimental set-up can
also be used to address the diffusion coefficient of particles on a non-zero Gaussian
curvature. It has been shown that diffusion of particles on non-zero Gaussian curva-
ture substrates is complex compared to a flat one. This study has great applications
to diffusion on cell membranes with complex geometries. Thus, our research can be
broaden to study the diffusion of the particles on top of the 3D micro-printed tori
with the already collected data.
46
Version of August 26, 2019– Created August 26, 2019 - 07:25
Appendices
Version of August 26, 2019– Created August 26, 2019 - 07:25
47

AppendixA
Supplementary images
Figure: A.1. Depletion interaction with pNIPAM is inconsistent. By using the cen-
trifuged pNIPAM as depletant we observe that the same volume fraction of hydrogel
particles yields different results. The top row shows two experiments conducted under the
same conditions and with the same volume fraction φ = 38.53%φo, but yielding different
results (left and right). We observe this behavior independently of the depletant vol-
ume fraction occupied, see bottom row of the figure (φ = 38.53%φo). This suggests that
anisotropy (clusters) of hydrogel particles is induced upon centrifugation and therefore
different results are obtained, even using the same batch of depletant.
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Figure: A.2. Consequences of the roughness of the 3D printed structures. From the
beginning, we observe that the micro-printed torus(r = 40) exhibits roughness in the
same hexagonal pattern with which it was printed(right). After 4 hours of equilibration,
the particles arrange following the rough lines cause by the stitching process of the printing
(left). This roughness was not observed by using the rectangular splitting for the print,
which suggests that the problem would be avoided if rectangular splitting is used instead
of the hexagonal one. The same behaviour was observed for r = 12.
50
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Figure: A.3. Voronoi tessellation comparison. Experimental images (left), tracked cen-
troids (center), and Voroinoi diagram (right) of tori with aspect ratios r = 3(top) and
r = 4 (middel and bottom) are shown. We constructed this table to ease the comparison
between different aspect ratios and mainly to compare between the experimental micro-
graph and the tracked centroids. By comparing the left and center column it is clear that
the Voronoi tessellation is not be calculated with the correct coordination numbers. Ex-
perimental images of tori with r = 3 and r = 4 were taken after 11 days of equilibration,
while experimental images of tori with r = 12 and r = 40 were taken on the same day
after 4 hours of equilibration.
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Figure: A.4. Tracked centroids on torus r = 3. The centroids of the particles on the
top part of the flat torus r = 3 were tracked using TrackPy. Due to the curvature of
the substrate, the brightness intensity of the particles is not uniform over the top, so the
algorithm cannot track correctly all the particles..
52
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Figure: A.5. Tracked centroids on torus r = 4. The centroids of the particles on the
top part of the flat torus r = 4 were tracked using TrackPy. Due to the curvature of
the substrate, the brightness intensity of the particles is not uniform over the top, so the
algorithm cannot track correctly all the particles.
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Figure: A.6. Tracked centroids on flat torus. The centroids of the particles on the top
part of the flat torus r = 4 were tracked using TrackPy. Due to the curvature of the
substrate, the brightness intensity of the particles is not uniform over the top, so the
algorithm cannot track correctly all the particles.
54
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TPM spherical particles synthesis
The resist with which the microstructures were printed is fluorescent in the green
channel. Thus, in order to facilitate the imaging and tracking of the particles, we
aimed to synthesized TPM particles of ∼ 1 µm with a red dye. In this appendix we
describe our synthesis of the TPM particles for which we followed [29, 39], show the
results, and explain why these were not used in our experiments reported in Chapter
4.
It is known that the pH and TPM volume fraction (φTPM ) have an influence on the
diameter of TPM particles. Thus three batches with pH 10.8 and different monomer
volume fractions to tune the diameter were synthesized. For the synthesis, 30 g of
freshly prepared NH3 in Milli-Q at pH 10.8 were stirred at 300RPM. Then the
desired amount of 3-trimethoxysilylpropyl methacrylate was added and left under
stirring (specific volume fractions used are reported in Figure B.2). After 30 minutes
the solution was markedly foggy, indicating the formation of microparticles (see
Figure B.1). Then, 175 µL of 5wt% Pluronic F108 and 400 µL of RIT-APS in
DMSO were added to the solution and was left stirring for 2 hours. Afterwards,
22.18mg of AIBN initiator was added. After 20minutes the sample was heated in
an oil bath for 2.5 hours. Finally particles were washed 3 times and resuspended in
Milli-Q.
Figure B.2 shows SEM pictures of the resulting synthesized colloids. The TPM
volume fractions used should yield particles with diameters in the range of 0.9µm
and 1.2 µm, according to the linear interpolation reported by van der Wel et al. [29].
However, by measuring the particles from the SEM images, the maximum diameter
achieved in our three samples was ∼0.7µm. In addition, we observe that by using
φTPM1 = 0.0048 , φTPM2 = 0.0064 , and φTPM3 = 0.0081 (Figures B.2a, B.2b, and
B.2c, respectively), no controlled-change in the particle diameter and significantly
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Figure: B.1. Spherical TPM particles synthesis. After adding the 3-
trimethoxysilylpropyl methacrylate the refractive index of the solution markedly changes,
indicating the formation of particles in the solution.
high polydispersity. As the result of the high polydispersity that this synthesis
method yields, van der Wel et al. report that for pH 10.8, the practical range of
TPM volume fraction is 0.1 to 3 vol%, which is higher than the fractions we use,
explaining why our three samples show such a high polydispersity.
(a) (b) (c)
Figure: B.2. SEM images of synthesized TPM spheres. Particles were synthesized
following [29] and were expected to be 1µm in diameter. Polydispersity is high since the
monomer volume fractions were not optimal for the pH used. Particles were sythesized
at pH 10.8 and (a)φTPM1 = 0.0048, (b)φTPM2 = 0.0064, and (c) φTPM3 = 0.0081. The
scale bars are 4µm, 2 µm, and 5µm, respectively.
As the purpose of synthesizing the TPM spheres was to use them as colloids for
our experiments, which require the particles to be mono-disperse, these were not
characterized any further.
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